Xylem resistance to cavitation is an important trait that is related to the ecology and survival of plant species. Vessel network characteristics, such as vessel length and connectivity, could affect the spread of emboli from gas-filled vessels to functional ones, triggering their cavitation. We hypothesized that the cavitation resistance of xylem vessels is randomly distributed throughout the vessel network. We predicted that single vessel air injection (SVAI) vulnerability curves (VCs) would thus be affected by sample length. Longer stem samples were predicted to appear more resistant than shorter samples due to the sampled path including greater numbers of vessels. We evaluated the vessel network characteristics of grapevine (Vitis vinifera L.), English oak (Quercus robur L.) and black cottonwood (Populus trichocarpa Torr. & A. Gray), and constructed SVAI VCs for 5-and 20-cm-long segments. We also constructed VCs with a standard centrifuge method and used computer modelling to estimate the curve shift expected for pathways composed of different numbers of vessels. For all three species, the SVAI VCs for 5 cm segments rose exponentially and were more vulnerable than the 20 cm segments. The 5 cm curve shapes were exponential and were consistent with centrifuge VCs. Modelling data supported the observed SVAI VC shifts, which were related to path length and vessel network characteristics. These results suggest that exponential VCs represent the most realistic curve shape for individual vessel resistance distributions for these species. At the network level, the presence of some vessels with a higher resistance to cavitation may help avoid emboli spread during tissue dehydration.
Introduction
Water is transported in vascular plants from the roots to the leaves through tracheary elements under negative pressure ( Dixon and Joly 1895) . This passive transport mechanism is susceptible to cavitation and subsequent embolism, which occurs when a tracheary element becomes gas-filled, disrupting the soil-plant-atmosphere water continuum Tyree 1988, Tyree and Zimmermann 2002) . As a result, the gas-filled elements become non-functional for water transport. There are several factors that can cause cavitation, such as mechanical damage, pathogens, high water demand, drought or freezethaw cycles ( Tyree and Zimmermann 2002) . Xylem resistance to cavitation is an important trait that is related to the ecology and distribution of species ( Carlquist 1977 , Sperry et al. 1988b , Maherali et al. 2004 and drought mortality , Allen et al. 2010 , McDowell et al. 2011 , Paddock et al. 2013 .
The 'air-seeding' hypothesis explains the mechanism by which water stress causes cavitation and embolism (Sperry et al. 1988a , Tyree 1988, Tyree and Zimmermann 2002) .
When a sap-filled conduit is connected to a gas-filled one, gassap menisci form at the inter-conduit pit membrane pores. If the pressure increment between the sap (negative pressure) and gas (atmospheric pressure) is large enough to overcome the capillary force of the meniscus of the largest pit pore, a gas bubble is sucked into the sap-filled conduit through the pit pore. This gas bubble then expands until the entire conduit is gas filled. In angiosperms, the maximum pressure difference (ΔP, in MPa) that a pit membrane can withhold can be approximated by
where k is a dimensionless shape correction factor, Γ(T, P l ) is the sap surface tension (N m −1 ) at temperature T and liquid pressure P l , φ is the contact angle of the gas-liquid interface with the pore wall and R p is the smallest radius of the largest pore (μm) ( Schenk et al. 2015 ). The 'rare pit' hypothesis states that the largest pit pore within any pit membrane of a conduit will determine its resistance to cavitation as per Eq. (1) , Christman et al. 2009 ), i.e., the bigger the largest pit pore the less resistant a conduit will be. Furthermore, the likelihood of the presence of large pit pores is partially determined by the amount of pit area of a vessel. Chemical composition of pit membranes may also be important and it has been suggested that surfactants may play a role in stability of gas bubbles ( Schenk et al. 2015) . The term 'vessel network' is used to describe the pattern of connections between interconnected vessels within the xylem and it is an important xylem characteristic related to both hydraulic conductance and embolism spread. The development of techniques such as three dimensional (3D) cinematographic analysis ( Zimmermann and Tomlinson 1965) and X-ray computed microtomography ( Steppe et al. 2004 ) has improved our knowledge on how vessels are connected and distributed. Within the vessel network, connectivity refers to the number of vessels to which each vessel is connected in the network ( Loepfe et al. 2007 ). In some angiosperm species, tracheids may also contribute to xylem connectivity ( Hacke et al. 2009 , Pratt et al. 2015a . If the connectivity is high, the chances of a functional vessel being connected to a gas-filled conduit are greater; thus, the probability of the functional vessel becoming air seeded under water stress conditions is higher. This may lead to reduced cavitation resistance. This hypothesis is similar to the rare pit hypothesis but may operate independently if the pit area of a vessel is independent of its connectivity.
Xylem resistance to water stress-induced cavitation is commonly characterized by constructing vulnerability curves (VCs) that depict the loss in hydraulic conductivity (K h ; kg MPa m s −1 ) in relation to the xylem water potential (Ψ x ; e.g., Sperry and Saliendra 1994 , Hacke et al. 2015 . Other methods have also used acoustic emissions ( Tyree and Sperry 1989) as well as imaging to characterize conduit embolism ) in relation to Ψ x . Still other methods do not use negative pressures and instead force gas with positive pressure across pit membranes to measure cavitation resistance ( Cochard et al. 1992, Sperry and Saliendra 1994) with the rationale that the pressure required to push air through an interconduit pit membrane is equal to the negative pressure required to pull air into the conduit when it is under tension. Early applications of this method applied positive pressure to entire organs and then measured the impact of different injection pressures on K h . A more recent version of this method applies air to one conduit by injecting gas into it with a microcapillary. This method was first developed to measure the flow of individual xylem vessels ) and later adapted for evaluating the relation between xylem age and the pressure threshold required to force air through the pit membranes separating individual xylem vessels ( Melcher et al. 2003) . Throughout this article, we will refer to the Melcher et al. (2003) modification as the single vessel air injection (SVAI) method.
Vulnerability curves acquired using the SVAI can be represented as a cumulative distribution function (CDF) of the pressure thresholds that seed air through the sample . Provided that the vessels that are injected are near in size to the mean hydraulic vessel diameter (VD), the pressure threshold that causes 50% of the vessel pathways to air seed will be similar to the pressure that causes 50% loss in K h (P 50 ). However, this relationship might be affected by vessel and vessel network structure because vessels may differentially contribute to hydraulic flow if they exhibit differences in pit membrane area and conductivity, or connectivity in the context of the vessel network. It is feasible that a substantial proportion of vessels that are no longer contributing to water transport might still be water-filled when P 50 is reached because they have become hydraulically isolated ( Loepfe et al. 2007) . Comparisons between the resistances to air seeding of vessel pathways and those obtained with the standard centrifuge method ( Alder et al. 1997 ) could help elucidate how individual vessels contribute to the overall cavitation of the xylem vessel network. We examined this relationship in the present study by comparing SVAI pressure threshold distributions with standard centrifuge VCs of stems.
Published SVAI studies have used stem or root segments of different lengths, ranging from 4 to 75 cm ( Melcher et al. 2003 , Choat et al. 2004 , Johnson et al. 2014 , with sample length ultimately depending on the specific research hypothesis, the experimental design and the vessel characteristics of the analysed species. However, by altering the number of vessels in the sampled path, sample length could affect SVAI measurements. For segments shorter than the mean vessel length (VL mean ), there may be a large proportion of vessels open through the sample, i.e., vessels with no terminal vessel elements along the sampled pathway. This is important to note since measurements using SVAI can only be performed on vessels that are not open through the sample, which, as segments are shortened, will be a smaller proportion of the vessels within a sample. On the other hand, using longer segments increases the probability that air is being pushed through more than one pit membrane (Figure 1) . In a pathway that contains three or more vessels, air must penetrate multiple pit membranes before reaching the sample end. As injected air moves though vessel pathways, it will select the least resistant pathway by penetrating the most vulnerable pit membranes of each vessel, which are the ones damaged or with the widest pit membrane pore diameters. If vessels in a pathway differ in the air-seed pressure of their most vulnerable pit membrane, then the air-seed pressure of the pathway of several vessels will be set by the 'most resistant' of the vulnerable pit membranes along the path (Figure 1 ). This would result in higher resistance estimates when longer samples were measured. Thus, estimates from vessel pathways longer than two vessels will not represent the actual distribution of individual vessel air-seeding pressures. This shift has previously been reported for longer samples when one whole end of the stem was connected to tubing and injected with air ( Christman et al. 2009 ).
The hypothesis we tested in this study was that the resistance to cavitation of individual xylem vessels differs and that the distribution of vessels with differential vulnerability are randomly distributed throughout the vessel network. Thus, we predicted that the shape of VCs constructed with the SVAI method would be affected by sample length and that this effect would be related to vessel length. Specifically, we predicted that the mean air-seed pressure would shift to being more resistant to cavitation in longer samples. We also predicted that this shift would be greater in species with shorter vessels since a greater number of inter-vessel connections would have to be seeded, and lower in samples with greater connectivity since there are more alternative low resistance pathways. The null hypothesis was that vessels do not differ in their cavitation resistance, in which case we would not find a shift in the VC shapes for samples of different lengths.
Materials and methods

Plant material
One-year-old stem samples were collected from well-watered plants growing on California State University, Bakersfield campus (35°20′N, 119°06′W, 115 m above sea level). Measurements were performed on branches of grapevine (Vitis vinifera L. var. 'Chardonnay', Vitaceae), English oak (Quercus robur L., Fagaceae) and black cottonwood (Populus trichocarpa Torr. & A. Gray, Salicaceae). English oak and black cottonwood trees were 3.5-6.0 m tall. Grapevine samples were collected from three plants in July 2014, English oak samples from four trees in July-August 2014 and black cottonwood samples from six trees in September-October 2014. These woody species were chosen because they have been commonly used in studies of vascular function, which facilitates comparative analyses, they all have relatively large VDs that are amenable to single vessel injection studies and they broadly differ in their vessel lengths.
Vessel length
Maximum vessel length (VL max ) was estimated with the air injection method ( Greenidge 1952) . Large branches (2-4 m) were cut in air at dawn, immediately double-bagged in plastic with moist paper towels and transported to a laboratory within 30 min from collection. In a laboratory, branches were cut under water at their distal end, in current year growth, and where the stem was 3-6 mm in diameter, which is similar to the segments we used for single vessel injection. A tube was fitted to this end of the branch that was connected to a high-pressure nitrogen tank. Stems were injected at the distal end at 100 kPa. The basal end of the branch was then submerged in a tray filled with water. Segments were cut from the basal end of the branch until the first gas bubbles were seen flowing out of a xylem vessel. The increments removed were 5 cm long if the distance to the injection point was >1.5 m and 1 cm long if the distance was <1.5 m.
Single vessel measures of cavitation resistance Figure 1 . Diagram illustrating vessel networks within samples of differing lengths and with the most vulnerable pathway for air seeding indicated. The numbers represent the pressure in MPa that each of the inter-vessel pit membranes can withstand. These pressures were not obtained experimentally. They are hypothetical and were assigned in order to illustrate the effect of sample length on pathway seeding pressure. The microcapillary is represented at the top inserted in a vessel and the white arrow indicates the most vulnerable pathway that gas would follow for seeding through the sample. In this case, the pressure required to seed the sample of length (L) would be 1.4 MPa, whereas if the sample was trimmed to L/2, the pressure required would be 0.8 MPa.
The distance from the injection point to where the first air bubbles came through the stem was recorded as the VL max . This method may overestimate VL max in cases where air can travel through pit membranes that air seed at pressures lower than 100 kPa or that are damaged.
Vessel length distribution and VL mean were evaluated using the silicone injection method . Large branches were collected from the same plants and in the same manner as those collected for air injection VL max measurements. In a laboratory, a 35 cm segment was cut under water from the apical end of the branch. Segments were selected so that the distal end of the segment corresponded to current year's growth and was 3-6 mm in diameter. These segments were then flushed for 1 h with an ultra-filtered (in-line filter Calyx Capsule Nylon 0.1 μm; GE Water and Process Technologies, Trevose, PA, USA) degassed 20 mM KCl solution at 100 kPa in order to refill any embolized vessels. Stem segments were injected with a twocomponent silicone (RhodorsilRTV-141, Rhodia USA, Cranbury, NJ, USA) containing a UV stain (Uvitex OB, Ciba Specialty Chemicals, Basel, Switzerland) dissolved in chloroform (1% by weight). One drop of the UV stain was added per gram of silicone mixture. The two-component silicone and UV stain were mixed and allowed to sit for 2 h to allow the small air bubbles incorporated during mixing to come out of the silicone. The ends of the flushed stem segments were trimmed with a fresh razor blade and the segments injected into their basal end at 50 kPa for 24 h. After the injection, the stems were cured for at least 48 h at room temperature. Prior to sectioning, stems were rehydrated to soften tissues by submerging them in water for at least 24 h. Thin cross sections (40 μm thick) were obtained with a sledge microtome (Model 860 Sledge Microtome, American Optical Corp., Buffalo, NY, USA) at distances of 0, 0.7, 1.4, 2.9, 5.8, 11.8 and 24.0 cm from the injection end. For each cross section, a total of three images at ×100 magnification were analysed for evaluating the percentage of silicone-filled vessels. These images were captured under fluorescent light with a microscope attached to a digital camera (Zeiss Stereo Discover V.12 with Axiocam HRc digital camera, Carl Zeiss Microscopy, LLC, Thornwood, NY, USA). The vessel length distribution and VL mean were calculated from these measurements using the equations reported by Sperry et al. (2005) . The percent of open vessels through a 5 or 20 cm segment was calculated from these same vessel distributions. The vessel density was also measured from the images of these sections by counting all the vessels present within the measured cross sections of xylem. Connectivity was evaluated from the cross section images of six samples per species. One hundred vessels were identified for each sample, and the number of vessels in direct contact with each vessel scored. Connectivity was established as the mean number of vessels to which each vessel is connected.
Vessel diameters were measured from the basal cross section of the samples (six per species) used for estimating vessel length. Images were captured at ×100 magnification with a transmission light microscope and digital camera (Axio Imager. D2 and AxioCam MRc, Carl Zeiss MicroImaging GmbH, Gottingen, Germany). For each sample, a radial section large enough to contain >100 vessels was established. The area of all vessel lumens within the radial section was measured with image analysis software (AxioVision, AxioVs40, v. 4.8.2.0, MicroImaging GmbH). Vessel diameters were calculated from these areas using the assumption that vessels were circular.
The VL max , VL mean , vessel density, connectivity, percentage of open vessel and VD means were compared with the TukeyKramer honest significant difference (HSD) test. These analyses were run in JMP 9.0.0 (SAS Institute Inc., Cary, NC, USA).
Single vessel air injection
Large branches (2-4 m) were cut in air at dawn; they were immediately double-bagged in plastic with moist paper towels and transported to a laboratory within 30 min from collection. Current year growth stem segments were exclusively used for sampling to avoid older xylem that might contain a greater number of fatigued (e.g., due to winter freeze-thaw stress) and nonfunctional vessels. Segments were excised under water at a distance greater than 1× the VL max from the cut end. Excised segments were 20 cm for black cottonwood and oak, and 30 cm for grapevine. Sample ends were shaved with a fresh razor blade and the segments were flushed for 1 h at 100 kPa with an ultrafiltered (0.1 μm filter) 20 mM KCl degassed solution to refill any emboli. After flushing, half the oak and cottonwood samples were trimmed to 5 cm, while the other half were left at 20 cm. Because of gel formation in grapevine samples, longer samples were flushed and then central segments of 20 or 5 cm were extracted so that any gels that formed at the ends of segments during flushing were removed.
The SVAI technique described by Melcher et al. (2003) was used to determine the pressure threshold required to seed gas through a pathway of vessels in the 5 and 20 cm stem segments. These lengths were selected based on vessel length distribution. The 5 cm segments allowed for air having to seed few inter-conduit connections, whereas the 20 cm segments were about double the VL mean of the two species with longer conduits. Borosilicate glass capillaries (1.5 mm outer diameter and 0.84 mm inner diameter, World Precision Instruments Inc., Sarasota, FL, USA) were pulled with a vertical capillary puller (Model P-30, Sutter Instrument Co., Novato, CA, USA). The pulled ends were cut open with a razor blade to diameters between 20 and 80 μm.
A stem segment was secured vertically under a ×40 zoom stereo microscope (Olympus Corporation, Tokyo, Japan) with a ring-stand clamp. The sample was placed so that the distal cross section could be observed through the microscope and the basal cross section was immersed in a 20 mM KCl degassed solution contained in a 150 ml glass beaker. A capillary with a diameter slightly smaller than the lumen of the vessels to be injected was attached with a straight connector (quick-assembly brass tube fitting straight connector for 1.59 mm tube outer diameter, McMaster-Carr Co., Elmhurst, IL, USA) to 1.4 m long piece of green PEEK tubing (polyetheretherketone tubing 1.59 mm outer diameter and 0.41 mm wall thickness). The opposite end of the PEEK tube was inserted into a pressure chamber (Model 2000, PMS Instruments, Albany, OR, USA) containing a moist paper towel to humidify the chamber. The capillary was secured in a micromanipulator (Brinkmann Instruments Inc., Westbury, NY, USA) attached to a ring stand. Using the micromanipulator controls, the capillary was inserted into the lumen of a vessel. A robust seal was made by gluing the capillary to the vessel with fast drying glue (Loctite, Super Glue Gel Control, Henkel Corp., Rocky Hill, CT, USA). The chamber was pressurized at a rate of 1 × 10 −3 -3 × 10 −3 MPa s −1 . The capillaries delivered air at a rate of >1.2 ml min −1 at 0.05 MPa (see Figure S1 available as Supplementary Data at Tree Physiology Online). The sample end submerged in the beaker with degassed solution was observed until bubbles were seen coming out of a xylem vessel. The pressure at which bubbles were observed was registered as the air-seeding pressure threshold for that vessel pathway. If bubbles streamed out at pressures <0.05 MPa, it was assumed that the vessel was open through the segment, i.e., it did not contain a terminal vessel element. After each measurement, the capillary and glue were carefully removed in order to inject another vessel from the same sample. We obtained one to nine seeding pressures per stem segment. The number of open vessels was calculated for each stem segment from the number of open vessels in relation to the total number of vessels injected.
Vessels for SVAI were randomly selected throughout the xylem cross section except that we took care to avoid the row of vessels next to the pith, thereby excluding primary xylem, as well as the vessels next to the bark, which might not be fully mature . If there was a bias, it was towards larger diameter vessels, since these enable capillaries to be inserted more easily. This could have affected our results if vessels with wider diameters are more prone to cavitation. Nevertheless, larger diameter vessels make the highest contribution to sap flow in a stem, as described by Hagen-Poiseuille law ( Giordano et al. 1978) , and thus these may be the most important in their impact on K h . For grapevine, the vessels injected were in the central third of the xylem between the pith and bark since those were the ones functional and contributing to flow when the experiment was performed in July 2014 . All SVAI measurements were performed the same day that the samples were collected.
The CDF (%) of SVAI seeding pressures, for each species and treatment (sample length), was calculated discarding open vessels and including those vessels that did not air seed at the maximum pressure that the system could sustain (∼4-5 MPa).
These vessels were assigned the maximum injection pressure (4.0 MPa in oak and grapevine as some capillaries broke at pressures ≥4.0 MPa, and 5.0 MPa in black cottonwood as the capillaries that broke for this species did so at pressures ≥5.0 MPa) for calculating the median air-seeding pressure (P m ), which represents the threshold at which 50% of vessel pathways air seeded. Bootstrapping was used to propagate the uncertainty and calculate the 95% confidence intervals (CIs) of P m . To do this, 10,000 subsamples equal in size to the observed datasets (i.e., the n seeding pressures of each species) were generated by randomly resampling the observed datasets with replacement. Median air-seeding pressure was calculated for each subsample, and the percentiles 2.5 and 97.5 were used to determine the 95% CIs. In addition, a similar bootstrapping procedure was performed for determining how sample size may affect P m estimates. Subsamples were also generated by randomly resampling with replacement. Subsamples were of size from 1 to n, and for each size, 10,000 subsamples were generated. The percentiles 2.5 and 97.5 were used to determine the 95% CIs for each sample size.
Centrifuge VCs
The branches used for constructing centrifuge VCs were collected at the same time and in the same manner as those used for SVAI measurements. The current year stems used were equal in size and vigour and came from the same plants as those used for the SVAI method. The branches were transported to a laboratory within 30 min from collection. Current year growth stem segments were excised under water and trimmed with a fresh razor blade to 14 cm for oak and black cottonwood and 20 cm for grapevine. The stem segments were located at a distance >VL max from where the branches were first cut in air. The stem segments were flushed for 1 h with a 20 mM KCl degassed solution (previously described). After flushing, 3 cm were trimmed off of each end of the grapevine samples with a fresh razor blade in order to remove gels formed at the ends during flushing and for them to have a final length of 14 cm.
Hydraulic conductivity was measured gravimetrically with a conductivity apparatus (Sperry et al. 1988a) . A low pressure head (1.5-2.0 kPa) was used to avoid displacing gas bubbles from embolized vessels. Hydraulic conductivities were corrected for background flows that can occur when no pressure head is applied ( Hacke et al. 2000 . Maximum K h (K max ) was measured after samples were flushed. Samples were spun in an Alder et al. (1997) rotor designed to fit 14 cm stem segments. Foam pads were placed in the rotor's degassed solution reservoirs in order to avoid air-entry into stem ends while loading and unloading samples and while the centrifuge was stopped . Stem segments were spun for 5 min at increasing angular velocities and their K h remeasured following each spin. The angular velocities applied corresponded to the following xylem water potentials where Ψ x is the xylem water potential, and a and b are the shape and scale parameters to be estimated, respectively. The pressure at which 50 PLC occurs (P 50 ) was obtained for each sample from the best fit curve. The P 50 of the three species was compared with a one-way analysis of variance (ANOVA). Xylemspecific conductivity (K s , kg MPa m −1 s −1 ) was calculated by dividing K h by the xylem cross-sectional area of the distal end of the samples.
Modelling SVAI curve shift
The SVAI CDF curve shift in relation to the number of vessels in the injected vessel pathway was modelled. If the degree of resistance to cavitation of each vessel comes from a CDF and vessels with different degrees of resistance and that are randomly distributed through the network, then greater pressures would be required to seed air through a longer pathway. This is because more inter-conduit pit membranes have to be seeded and there is a greater chance of one of these being more resistant ( Figure 1 ). We modelled this shift in order to see whether it was consistent with the CDF shift observed for the 5 and 20 cm segments and the vessel lengths of the three studied species. This modelled shift was based on the observed SVAI CDFs of the 5 cm segments of each species. These were fitted by LSME to a Weibull curve:
where P is the air-seeding pressure, and a and b are the shape and scale parameters to be estimated, respectively. We interpreted the 5 cm CDF best Weibull fit as a best approximation of the pressures required to seed one inter-vessel pit membrane in the pathway. This is a realistic interpretation based on the VL mean of the species and the number of vessels that were open through these samples (Table 1) . This applies especially for English oak and grapevine, although it might not be as close an approximation for black cottonwood as it had shorter vessels (Table 1) . We calculated the shift for a pathway that had to seed n vessels by obtaining n random deviates from the 5 cm CDF best Weibull fit with the rweibull function of R version 3.0.2 ( R Development Core Team 2013). Then, the maximum value of the n random deviates was determined as the air-seeding pressure for that pathway (P i ). We repeated this process of sampling and Venturas et al. establishing the P i 1000 times. The CDF was constructed with these 1000 P i values. We performed the previous step for each one of the species for pathways of two to six vessels (n = 2-6). The modelled CDF for the different pathways was plotted and compared with the 20 cm central moving mean curve. It is to be noted that the model here described is not intended to be a comprehensive one. This model represents a simplistic approach that does not take into consideration other factors such as VD, length, vessel overlap, pit membrane area or connectivity.
Results
The three studied species had different vessel network characteristics. Grapevine mean VD was twofold greater than English oak and threefold greater than black cottonwood mean VD (Table 1) . Air injection VL max measurements were not statistically different for the three species (Table 1 ). In contrast, VL mean was different and cottonwood had approximately six times shorter VL mean than both grapevine and English oak (Figure 2 ). The VL mean of the latter two species was not statistically different (Table 1) . These vessel length differences were also reflected in the percentage of open vessels estimated with silicone injection for our measured sample lengths. Black cottonwood had very few open vessels through the 5 cm segments (0.5%), whereas grapevine and English oak had ∼40% open through this length. There was no difference in the percentage of open vessels at 20 cm between the three species estimated with the silicone injection method (Table 1 ). The percentages of open vessels obtained with the SVAI method were consistent with those calculated with the silicone injection for black cottonwood and grapevine, but not for English oak. For the latter, the percentage of open vessels estimated by SVAI was 2 times greater for 5 cm segments and 8.5 times greater for 20 cm segments than the silicone injection estimates (Table 1) , perhaps because SVAI vessels tended to be the wider vessels within samples. Vessel density was significantly different for all three species and was the lowest in grapevine and highest in black cottonwood (Table 1; Figure 3 ). Black cottonwood's connectivity was significantly higher than English oak's and grapevine's connectivity (Table 1; Figure 3) .
Sample length affected the SVAI VC shape. The measured distribution of individual seeding pressures and the number of Single vessel measures of cavitation resistance Figure 2 . Vessel length distribution of the three studied species. K is the coefficient (mean ± SE, n = 6) of the function that represents vessel length distribution: P L = LK 2 e (−KL) , where P L is the proportion of vessels of length L . Figure 3 . Representative stem xylem cross section images taken at ×100 magnification of (A) black cottonwood (P. trichocarpa), (B) English oak (Q. robur) and (C) grapevine (V. vinifera). Note the higher connectivity and smaller VD of black cottonwood compared with the other two species. Scale bars = 100 μm. vessels that did not seed at maximum injection pressure are both represented in Figure 4 . For all three species, the 5 cm stem segment VCs were more vulnerable than the 20 cm VCs, i.e., lower pressures were required to seed air through vessels in the 5 cm segments than the 20 cm ones (Figure 4) . The P m of 20 and 5 cm segments was significantly different in black cottonwood and grapevine. Specifically, the P m of the 20 cm segments was 1.1 MPa higher than that of the 5 cm segments in black cottonwood, and 1.6 MPa higher in grapevine ( Table 2 ). The P m of English oak did not differ significantly between segment lengths (Table 2) . Bootstrapping indicated that the minimum sample size for 95% CIs of P m to stabilize was approximately from 20 to 30, depending on the curve shape (see Figure S2 available as Supplementary Data at Tree Physiology Online). All three species showed a proportion of pathways that could withstand greater pressures than those applied in the experiment (>4 MPa in oak and grapevine, and >5 MPa in cottonwood; Figure 4) . Assigning the maximum pressure tested (4 or 5 MPa) to vessels that did not seed before that pressure does not permit calculating the mean seeding pressure but does not affect the P m if sample size is large enough (see Figure S2 available as Supplementary Data at Tree Physiology Online).
The VCs obtained with the centrifuge and SVAI techniques were consistent. The VCs constructed with the centrifuge method were similar in shape to the 5 cm segments' SVAI VCs (Figure 4 ). Both techniques showed that there was a substantial proportion of vessels that embolized at moderate water tensions (greater than −1 MPa). The three species showed significantly different P 50 values (F 2,21 = 8.0134, P = 0.003; Table 2 ). Grapevine was the species most susceptible to xylem cavitation during dehydration and English oak the most resistant (Figure 4 ). However, grapevine had the highest maximum K s , and therefore, at water potentials greater than or equal to −1 MPa, specific conductivity of grapevine was higher than that of the other two species (Figure 5 ). In all three species, the P 50 values were consistent with the P m values of the 5 cm segments ( Table 2) .
The modelling data supported the SVAI VC shifts observed between sample lengths. The black cottonwood 20 cm SVAI CDF was very similar to the shift expected for air having to seed five vessels in a pathway, and the English oak 20 cm SVAI curve matched the shift expected for air having to seed two vessels ( Figure 6 ). However, grapevine's 20 cm SVAI curve only partially matched the shape of the modelled shifts; for pressures >2 MPa, the curve corresponded to the shift of air having to seed six vessels, whereas for pressures <2 MPa, it did not match any modelled curve.
Discussion
The results of this study support the hypothesis that vessels differ in their cavitation resistance. However, the second part of our hypothesis that vessels that differ in vulnerability are randomly distributed throughout the vessel network, which was tested by comparing the observed VC shifts for short and long stems with those predicted by modelling, is only partially supported. In all cases, we clearly found a shift in vulnerability to xylem cavitation between shorter and longer stem segments. For two species, English oak and black cottonwood, the observed shift was Venturas et al. . Xylem VCs of black cottonwood (P. trichocarpa), grapevine (V. vinifera) and English oak (Q. robur). For the SVAI method, the VCs are represented as the CDF for 5 cm (triangles) and 20 cm (circles) long stem segments; n is the number of vessel pathways with a precise measurement and the number in brackets is the total number of injected vessels that were not open through the sample over which the percentage was calculated. The remaining % from the last CDF point to 100% represents the vessels that did not seed at pressures above 5 MPa for black cottonwood and 4 MPa for grapevine and English oak. For the standard centrifuge method, the VCs are represented as the PLC (squares; means ± SE) and n is sample size. It is to be noted that VCs constructed with SVAI and centrifuge method cannot be directly compared as the contribution of the SVAI paths to conductivity is not directly related. consistent with modelled shifts for pathways differing in the number of vessels having to be seeded; however, for grapevine, the shape of the SVAI curve of the long sample did not match our modelled curves well.
The lack of modelled fit for grapevine likely arises due to the characteristics of the vessel network that violate the assumptions of our model. A simple explanation is that the probability of a vulnerable vessel being connected to a more resistant one is greater than expected if they were randomly distributed. Alternatively, it may be due to air having to seed a higher number of inter-vessel pit membranes than modelled due to a non-random distribution of vessel terminations or of vessel lengths. Vitis vinifera has vascular tracheids that only occur at the end of growth rings; thus, vessels are not generally connected to tracheids ( Carlquist 1985) ; however, they do have many small vessels that connect larger vessels ( Brodersen et al. 2013a . Grapevine has greater numbers of vessel terminations in the nodes than in the internodes ( Salleo et al. 1984) and the 5 cm SVAI segments we sampled had 0.6 ± 0.2 (mean ± standard error (SE)) nodes, whereas the 20 cm segments had 2.7 ± 0.4 nodes. It is possible that the number of inter-vessel connections that have to be air-seeded in the 20 cm segments is greater than calculated from VL mean measurements due to this node pattern. The presence of vessels or vascular tracheids with a higher resistance to cavitation occurring in a network of otherwise vulnerable vessels could act as security valves to help avoid emboli spreading through the entire pathway and would result in a similar pattern to the one we observed. This could provide a greater safety threshold under water stress conditions by limiting the potential for air-seeding into functional vessels, especially as the highly vulnerable pathways might not cavitate in vivo if they are not exposed to a gas-filled conduit . The cost of this network structure would presumably be lowered transport efficiency.
The three species analysed in this study had different vessel characteristics. Black cottonwood had shorter and narrower vessels than oak and grapevine (VD, VL mean ; Table 1 ). The grapevine VL mean of our samples was nearly identical to the previously reported values for this species ( Sperry et al. 2005, Jacobsen and Pratt 2012) , and we are not aware of this parameter having been measured previously for English oak and black cottonwood. The latter species VL mean was slightly shorter than the value reported for hybrid poplar (P. trichocarpa × deltoides) clone H11-11 seedlings, which had a VL mean of 3-4 cm ( Plavcová et al. 2011) . Contrary to expectations, we did not find differences in VL max between the three species (Table 1) . Grapevine VL max was consistent with previously reported data , whereas Cochard et al. (2010) found English oak vessels to be 61% longer (VL max = 134 cm) than our values (Table 1 ). This could be due to either differences in sample age, as they used up to 3-year-old shoots and VL max is positively correlated with age , differences in sample provenance or to the higher pressure they used for determining VL max (0.15 vs 0.10 MPa), as some vulnerable vessels seed at pressures <0.15 MPa (Figure 4 ). Black cottonwood VL max was previously estimated to be ∼4 cm ( Sparks and Black 1999) , which is 18-fold shorter than the length we determined. A VL max ≈ 4 cm would be more consistent with the percentage of open vessels we obtained for 5 and 20 cm segments with the silicone injection and SVAI methods (Table 1) . Therefore, it is likely that our VL max was overestimated, probably due to some Single vessel measures of cavitation resistance Table 2 . Hydraulic properties of the studied species established with the SVAI and centrifuge methods. L, length of the samples; P m , median airseeding pressure; P 50 , pressure that causes 50% loss in K h .
Species
SVAI method Centrifuge method pathways being seeded at pressures <0.1 MPa (Figure 4 ). This would also explain the differences in the percentage of open vessels calculated with silicone injection and SVAI at 5 and 20 cm for English oak and suggests that, particularly for species with a proportion of very vulnerable vessels, air injection measures for vessel length may be overestimated. Differences among the VCs of the three studies species were consistent with their pit membrane characteristics, and these characteristics combined with vessel network characteristics are consistent with safety and efficiency patterns at the scale of whole stems. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) have been used to study pit membrane thickness and porosity (e.g., Choat et al. 2008 , Jansen et al. 2009 , Plavcová et al. 2011 . Although SEM and TEM sample preparation affect pit membrane characteristics, and therefore measurements have to be interpreted cautiously, larger pore sizes have been correlated with greater vulnerability and thicker pit membranes with greater cavitation resistance ( Jansen et al. 2009 , Plavcová et al. 2011 . Grapevine has thinner pit membranes, larger pit diameters and greater maximum pit pore diameter than English oak ( Jansen et al. 2009) , which is consistent with its greater vulnerability to cavitation (Figure 4) . These pit membrane characteristics together with larger VDs may be responsible for grapevine having greater maximum K s than oak ( Figure 5 ) despite having lower vessel density and similar vessel length and connectivity. This is indicative of a trade-off between transport efficiency and safety , Lens et al. 2011 ) by which oak pit membranes have greater resistance both to sap flow and air seeding. Populus pit membranes are thinner and more porous than those of grapevine ( Jansen et al. 2009 , Plavcová et al. 2011 ); thus, they are expected to be more prone to air seeding. However, our VCs showed that black cottonwood was more resistant to cavitation than grapevine. Cottonwoods smaller VD and length cause lower losses in K h when they become embolized, and the larger vessel density and connectivity provide alternative hydraulic pathways to bypass vessel blockage.
Future research could explore the effects of vessel size, density, length distribution, overlap, connectivity and pit membrane characteristics by selecting replicates of species with differences in these characteristics and injecting segments of several lengths. The development of more complex models that also include these factors and their comparison with empirical data could shed further light on the effect of vessel network characteristics on xylem resistance to cavitation. The adaptation of previously designed probabilistic models ( Christman et al. 2009 ) or more complex models ( Loepfe et al. 2007) could be an excellent point of departure to further interpret these patterns.
Vulnerability curves generated using SVAI on 5 cm samples and the standard centrifuge method were comparable within this study and to previous data for these species when samples have been processed (i.e., flushed) or scaled in a consistent manner and using plant materials of similar age and growing conditions (see Hacke et al. 2015 for a discussion of the importance of standardizing when comparing across experiments). The grapevine VC obtained in this study using a standard centrifuge method was consistent with previously reported curves that employed the same centrifuge method and K s -based dehydration curves , Choat et al. 2010 Venturas et al. Figure 6 . Single vessel air injection central moving mean curves (MM; period = 7); best Weibull fit for the CDF of the 5 cm segments and the modelled CDF shifts in relation to the number of vessels (NV) that have to be seeded in a pathway. The shifts for each NV were calculated assuming that the 5 cm CDF Weibull fit represented the CDF of the pressure threshold required for seeding one vessel. The curve for each NV was constructed with 1000 modelled data points. and Pratt 2012 and these data agreed with our 5 cm SVAI curves. These were also consistent with data for grapevine VCs derived from resistance models ( Baert et al. 2015) and from images obtained using X-ray micro-computed tomography if the ring of vessels close to the pith is taken into consideration ( Vergeynst et al. 2015) , which it should be to compare flushed samples. However, our grapevine curves differ from some studies that have not similarly standardized their sampling, or used other methods (e.g., Choat et al. 2010 , Brodersen et al. 2013b ). The black cottonwood PLC values are within the range of those reported for this species using the pressure sleeve air injection method ( Sparks and Black 1999) and for stems of plants subjected to drought stress ( Secchi and Zwieniecki 2010) . Our English oak VCs are also similar to a previously reported standard centrifuge-based curve for this species ) and values derived from resistance models ( Baert et al. 2015) . Good agreement between SVAI and VCs constructed with other techniques was also previously reported for Quercus gambelii Nutt. stems and Malosma laurina (Nutt.) Nutt. ex Abrams roots ).
The centrifuge curve represents PLC in relation to Ψ x , whereas the SVAI curve represents the cumulative percentage of pathways that air-seed at a given pressure. The standard centrifuge peak pressure is located in the centre of the sample ( Alder et al. 1997 , Hacke et al. 2015 . This process resembles the seeding of single vessels in the centre of the sample, which explains why the 5 cm SVAI VCs are more similar to the PLC curve than the 20 cm SVAI VCs. With the SVAI we do not know how much each of the seeded pathways contributed to flow, and this factor could also lead to potential differences between P 50 and P m , although we did not find a discrepancy in our study. A source of error in these comparisons might have been a sampling bias in SVAI towards vessels with greater diameters since it is easier to insert the microcapillary into them. Nevertheless, these larger vessels would be the ones that make the greatest contribution to conductivity according to Hagen-Poiseuille law ( Giordano et al. 1978 ) and should therefore be more influential in losses in conductivity than the smaller ones.
Our results suggest that it is preferable to use short segments for the SVAI method since larger segments will overestimate the resistance of the studied organ. However, regarding methodological practicality, if segments are too short, then for some species, it could be difficult to insert the capillary into a nonopen vessel. Therefore, it is important to take into consideration the VL mean for selecting the most appropriate sample length for an experiment. Selection of shorter segments is likely to be particularly important for comparison with other reference methods. However, if the purpose of the experiment is to compare differences between conduits of different organs, parts of a plant, growth rings or treatments, it could be advantageous to select a longer sample length to reduce the proportion of open vessels to increase sampling efficiency. Finally, sampling schemes must also be developed that permit for a great enough sample size to be collected (>20 vessels) since the seeding pressures are highly variable (Figure 4) , which results in large error values for small sample sizes (see Figure S2 available as Supplementary Data at Tree Physiology Online).
Both the centrifuge and SVAI methods showed a similar exponential rise for the shape of the VCs (also known as r-shaped curves) for the sampled species. It has been suggested that such curves are chiefly due to experimental artefacts ( Cochard et al. 2010 , Martin-StPaul et al. 2014 . However, the agreement of these two independent methods builds on the existing studies which show that r-shaped VCs are indicative of the biology of some species and not due to an experimental artefact , Hacke et al. 2015 . Species with r-shaped curves have a large proportion of vessels that are susceptible to cavitation at moderate tensions, i.e., at high water potentials, and it is interesting to consider the selective pressures and environmental conditions that would have favoured these xylem characteristics. In these species, a large proportion of highly vulnerable vessels may only be functional during periods of high water availability, enabling them to deliver greater quantities of water to the leaves to maintain higher water potentials during transpiration and greater photosynthetic carbon gain. During periods of low water availability, the remaining resistant vessels, as well as tracheids in some angiosperm species, could sustain sufficient flow to support the physiological needs of the plant. This would be in accordance with the idea that under drought-stress periods, K s may be more informative than PLC , Hacke et al. 2015 .
In summary, microcapillary single vessel injection is a powerful tool that will allow for some questions to be addressed that may not be possible to examine with other techniques. This method has been used to determine the hydraulic flow of individual vessels ) and the hydraulic resistance of inter-vessel pit membranes ( Choat et al. 2006 ) and of scalariform perforation plates ( Christman and Sperry 2010) . The SVAI modification has been used to compare the cavitation resistance of vessels of different ages within a sample ( Melcher et al. 2003) , and to characterize resistance to cavitation of stems ) and roots ( Johnson et al. 2014 . Correlations between pit membrane structure and seeding pressure thresholds have also been studied with the SVAI method ( Choat et al. 2004 , Jansen et al. 2009 ). One of the drawbacks of SVAI is that it is time consuming; it can take several weeks to construct one VC, whereas with the standard centrifuge, you can build up to 12 curves a day. In addition, SVAI curves do not provide direct information on losses in conductivity, thus linking them to plant functional performance requires additional measures or simplifying assumptions. Nevertheless, Single vessel measures of cavitation resistance 1257
